Cerebrovascular pathology is common in Alzheimer's disease (AD) and is considered to contribute to cerebral malfunction. However, distinct antiangiogenic proteins that accumulate in AD brains have not yet been identified. Endostatin is a 20 kDa C-terminal fragment of collagen XVIII that, when added exogenously, inhibits endothelial proliferation and migration in vitro and angiogenesis and tumor growth in vivo by inducing apoptosis in endothelial cells.
Cerebrovascular pathology is common in Alzheimer's disease (AD) and is considered to contribute to cerebral malfunction. However, distinct antiangiogenic proteins that accumulate in AD brains have not yet been identified. Endostatin is a 20 kDa C-terminal fragment of collagen XVIII that, when added exogenously, inhibits endothelial proliferation and migration in vitro and angiogenesis and tumor growth in vivo by inducing apoptosis in endothelial cells.
We produced a monoclonal antibody directed against endostatin and observed significantly more ( p Ͻ 0.0001) immunoreactive cortical neurons in AD brains compared with age-matched neuropathologically unaltered controls. High numbers of extracellular and frequently perivascular endostatin deposits were detected in the cerebral hemispheres. Double-labeling experiments revealed colocalization of endostatin in amyloid-␤ (A␤ (1-40) ), tau protein, and periodic acid-Schiff stain-positive plaques that were surrounded by focal gliosis. Western blotting revealed more 20 kDa endostatin in an AD patient compared with a control. In unstimulated SKNSH supernatants, endostatin was detected that increased predominantly after hypoxia in supernatants and cellular lysates. A␤ (80 g/ml) supplementation to SKNSH neurons for 24 hr completely abolished the release of endostatin.
These data show that endostatin is released by neurons to accumulate in amyloid plaques in Alzheimer's disease. Induction by hypoxia and complete abrogation of endostatin release after A␤ challenge reveals intricate interactions between the two proteins and opens new avenues for the development of novel treatment strategies of AD patients.
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Alzheimer's disease (AD) is a leading cause of disability and decreased quality of life of the elderly (Kawas and Brookmeyer, 2001) . Predominant pathophysiological hallmarks are the formation of plaques and blood vessels with amyloid angiopathy. Both contain aggregates of ␣-, ␤-, ␥-, and ␦-secretase-mediated 40-to 42-residue amyloid precursor protein fragments (Glenner and Wong, 1984; Masters et al., 1985; Beyreuther et al., 1991; Bayer et al., 2001 ). In addition, neurofibrillary tangles are found in neurons and consist predominantly of abnormally phosphorylated tau protein and ubiquitin (Goedert et al., 1991; Lowe et al., 1993) . As a consequence, low amyloid-␤ 42 (A␤ 42 ) and high tau protein levels in the cerebrospinal fluid are characteristic of AD (Motter et al., 1995; Galasko et al., 1998; Kanai et al., 1998) . Although many factors have been identified to influence the course of AD, close interactions between the individual pathophysiological processes and even proteins are thought to orchestrate the disease (Takashima et al., 1993) .
Recently, impaired cerebral blood flow has been identified as both cause and consequence of AD. Several studies have shown chronic cerebral hypoperfusion in AD patients (De Jong et al., 1997; De la Torre, 1997) , and it was suggested that taken together with endothelial and smooth muscle cell abnormalities, hypoperfusion is a key factor in the development of AD. At least onethird of AD cases may exhibit significant cerebrovascular pathology, which is summarized as small vessel disease (Vinters et al., 1996; Moody et al., 1997) . In addition, macro-and microinfarctions, hemorrhages, lacunes, and ischemic white matter changes are also present in AD (Mandybur 1986) . Accordingly, AD patients have a higher prevalence of vascular diseases and vascular abnormalities (Brown et al., 2000) .
Although A␤ itself is considered to be predominantly neurotoxic (Hardy, 1994; Hardy et al., 1998) , upregulation of cytokines and activation of astrocytes and microglial cells contribute to further neuronal degeneration in the vicinity of A␤ deposits (Griffin et al., 1995 (Griffin et al., , 1998 Frautschy et al., 1998) by mediating inflammation (Mattiace et al., 1990; McGeer and McGeer, 1999) . Inflammation in turn results in increased formation of reactive oxygen species (ROS), a major mediator of impaired cerebral blood flow. However, in vitro experiments revealed that A␤ deposits themselves cause cerebrovascular dysfunction in the rat brain by induction of ROS (Price et al., 1997; Mattson et al., 1999) and lead to impairment in cerebral blood flow and neuronal dysfunction (Iadecola et al., 1999) . ␤-amyloid interacts with endothelial cells on blood vessels to produce an excess of superoxide radicals, with attendant alterations in endothelial structure and function (Thomas et al., 1996) . As a consequence, cerebral amyloid angiopathy, microvascular degeneration affecting the cerebral endothelium and smooth muscle cells, basal lamina alterations, hyalinosis, and fibrosis are frequent alterations observed in postmortem AD brains. However, accumulation of distinct antiangiogenic proteins in brains of AD patients has not yet been described.
Endostatin is a 20 kDa C-terminal fragment of collagen XVIII, and extracellular administration inhibits endothelial proliferation and migration in vitro and angiogenesis and tumor growth in vivo by inducing apoptosis in endothelial cells Dhanabal et al., 1999; Yamaguchi et al., 1999) . Endostatin is nontoxic and does not induce acquired drug resistance and therefore has become a potent new therapy strategy in solid neoplasias . Biochemical studies revealed that the ability of endostatin to inhibit neoangiogenesis at least in part is mediated by Zn 2ϩ binding and elastase processing Ding et al., 1998; Wen et al., 1999) , and widespread endostatin expression was found in elastic fibers in vessel walls (Miosge et al., 1999) . Interestingly, endostatin reduces intimal neovascularization and plaque growth in apolipoprotein E (ApoE)-deficient mice (Moulton et al., 1999) . These findings are of particular interest, because ApoE is a risk factor not only for atherosclerosis but also for AD (Roses, 1995) . In the latter study, however, only descending aortas, but not the brain, were analyzed.
We therefore hypothesized that endostatin might play a role in AD. We produced a monoclonal antibody and analyzed endostatin immunoreactivity in eight previously described AD patients and seven neuropathologically unaltered controls. Doublelabeling experiments were used to identify the cellular source of endostatin and reveal associations with know AD pathophysiology. One AD and one control brain sample were analyzed by Western blotting to confirm endostatin expression in vivo. Western blotting of SKNSH neuronal lysates and supernatants was then used to analyze endostatin expression and release after CoCl 2 challenge, an in vitro model of hypoxia, after H 2 O 2 challenge, to simulate ROS stimulation, and after A␤ supplementation.
MATERIALS AND METHODS

Postmortem brain preparations of A D patients.
Human brains of eight cases, aged 63-90 years, with varying degrees of Alzheimer-related pathology, were obtained from five different departments of pathology, 12-72 hr postmortem (see Table 1 ). The brains were fixed in a 4% aqueous solution of formaldehyde. Samples of the anterior entorhinal cortex were dissected coronally and embedded in paraffin. Ten micrometer sections were cut, and Aldehydef uchsin-Darrow red staining was used for topographical orientation. The Gallyas silver technique (Braak and Braak, 1991b ) was used to stain neurofibrillary tangles, neuritic plaques, and neuropil threads, and the C ampbell-Switzer silver technique was used for the detection of A␤ deposits (Braak and Braak, 1991b; Iqbal et al., 1991) . All cases were staged for the distribution of neurofibrillary tangles and neuropil threads (Braak and Braak, 1991a) as well as for the distribution pattern of A␤ deposits (Thal et al., 2000) . C ases fulfilling the criteria for the diagnosis of definite AD were used as AD cases; all other cases with AD-related pathology were used as cases having AD-related pathology. All seven age-matched controls were free of any AD-related changes as confirmed by three independent neuropathologists (Mittelbronn et al., 2001) .
Cloning and production of recombinant mouse endostatin and control peptides. The cDNA encoding the C -terminal endostatin fragment of mouse collagen X V III was amplified by PCR from liver RNA and subcloned into a pET expression vector (Angewandte Gentechnologie Systeme, Heidelberg, Germany). Recombinant endostatin was produced in BL21(DE3) Escherichia coli cells (Angewandte Gentechnologie Systeme) by induction with isopropylthio-␤-D-galactoside for 4 hr. Recombinant endostatin was purified by nickel-chelate chromatography (Strik et al., 2001) . Protein concentration was determined by the Bradford assay with bovine serum albumin (BSA) as a standard (Bio-Rad, Munich, Germany). Recombinant control peptides were produced as described previously (Schluesener et al., 1997) .
Production of monoclonal antibody. For generation of monoclonal antibodies, BAL B/c mice were immunized with 50 g of recombinant endostatin, and hybridoma cell lines were established by standard procedures. C ell culture supernatants were screened by ELISA, Western blotting, and immunohistology, and positive clones were subcloned. The antibody was then affinity purified (BM A Biomedicals, Augst, Switzerland), again tested for specificity, adapted to a concentration of 1 g/l, and used in all consecutive experiments.
Immunohistochemistr y and evaluation. Rehydrated sections were boiled (in a 600 W microwave oven) four times for 5 min in citrate buffer (2.1 gm sodium citrate per liter, pH 6). Endogenous peroxidase was inhibited with 1% H 2 O 2 in methanol for 15 min. Sections were incubated with 10% unspecific porcine serum (Biochrom, Berlin, Germany) to block nonspecific binding of immunoglobulins. The primary mouse anti-endostatin antibody was added at a concentration of 10 g/ml and applied overnight at 4°C. Antibody binding was detected by biotinylated rabbit anti-mouse IgG F(Ab) 2 antibody fragment (1:400 for 30 min; Dako, Hamburg, Germany), followed by incubation with a peroxidase-conjugated streptavidin-biotin complex (Dako). The enzyme was visualized with diaminobenzidine as a substrate (Fluka, Neu-Ulm, Germany). Sections were counterstained with Mayer's Hemalaun. Controls included absence of the primary antibody, irrelevant monoclonal antibodies, and blocking experiments.
In double-labeling experiments, slices were pretreated as described above, and then the differentiating antibodies directed against neurofilament (Dako), GFAP (Chemicon, Temecula, CA), and cluster differentiation (CD)68 (Dako) were applied at a dilution of 10 g /ml in 10% TBS/ BSA to identif y the cellular origin of endostatin. To provide information for the localization of extracellular endostatin deposits, antibodies directed against A␤ (1-40) (Sigma, Deisenhofen, Germany) and tau protein (Dako) were applied. Visualization was achieved by biotinylated rabbit anti-mouse IgG in TBS/ BSA and alkaline phosphatase-conjugated ABC both diluted 1:400 in TBS/ BSA. Consecutively, we developed with Fast Blue BB (Boehringer Mannheim, Mannheim, Germany) salt chromagen substrate solution, yielding a blue reaction product, and then slices were irradiated once more in a microwave (Lan et al., 1996) . Complete inhibition of alkaline phosphatase f unction was achieved as described previously (Deininger and Meyermann, 1998) . Alternatively, a periodic acid-Schiff (PAS) stain was performed, and then endostatin was immunolabeled as described above.
The number of endostatin-labeled cells was counted in 10 magnification (400ϫ) fields per patient and displayed as percentage of all counterstained nuclei. Means were calculated and compared with the controls using Mann -Whitney U test.
Cell culture and stimulation. Human SK NSH neuroblastoma cells were obtained from the American T ype Culture Collection (Manassas, VA). C ells were raised in RPM I 1640 medium with Glutamax II (Invitrogen, Paisley, UK) containing 10% fetal calf serum (FC S; Invitrogen) and 1.2% penicillin /streptomycin (Fluka) at 37°C and 5% C O 2 . At near confluency, cells were harvested by trypsinization and processed for f urther analyses.
In stimulation experiments, cells were washed twice with PBS and resubstituted with serum-free media. Then, cells were incubated with A␤ (1-40) (Bachem) for 24 hr at a concentration of 80 g /ml (Busciglio et al., 1992) . Before the experiment, A␤ was dissolved in distilled water at a concentration of 6 mg /ml. Then, the solution was diluted to a concentration of 1 mg /ml in PBS without C a 2ϩ , pH 7.4, and incubated at 37°C for 3 d. Hypoxia was mimicked using 2 M cobalt chloride for 24 hr (Chandel et al., 1998) , and reactive oxygen challenge was performed by 20 mM H 2 O 2 incubation for 15 min (Mates and Sanchez-Jimenez, 2000) . Then, cells were incubated for 24 hr in serum-free medium and analyzed as described below.
Flow c ytometr y. C ells were trypsinized, washed twice, and stained with mouse anti-endostatin monoclonal antibody at a concentration of 10 g/ml in PBS/BSA for 1 hr at 4°C. Visualization was achieved by adding FITCconjugated rabbit-anti mouse IgG (Serotech, Oxford, UK) for 30 min. Cells were analyzed using a FACScan Cytometer (Becton Dickinson, Ü berlingen, Germany) and CellQuest software. Controls included preparations lacking the primary antibody or irrelevant primary antibodies.
Protein preparation and Western blotting. Cells were lysed in a buffer containing 125 mM Tris base, 20% glycerol, 2% SDS, 1% bromophenol blue, 2% 2-mercaptoethanol, and protease inhibitors. Supernatants were precipitated by acetone and resuspended in running buffer. All samples were sonicated and boiled. Approximately 30 g of total protein was loaded per lane, electrophoresed on a 12% SDS-polyacrylamide gel, and transferred to polyvinylidene difluoride membranes (Bio-Rad) by semidry blotting. Membranes were blocked with FCS, and the primary monoclonal antibody directed against endostatin was visualized using HRP-conjugated avidin-biotin complex and ECL visualization. Controls included blocking experiments, lacking primary antibody or irrelevant antibodies.
RESULTS
In AD brains, we observed prominent immunoreactivity of endostatin in all cortical layers (Fig. 1 A) . Interestingly, most endostatin ϩ cells showed morphological characteristics of neurons ( Fig. 1 A, bottom inset) . Double-labeling experiments with an antibody directed against neurofilament confirmed that most endostatin ϩ cells were neurons (top inset). Furthermore, extracel- lular endostatin deposits were detected ( Fig. 1 B, inset) , occasionally in the immediate vicinity of blood vessels (Fig. 1 B) . Antibody labeling specificity was confirmed by blocking experiments and Western blotting experiments using the recombinant peptide. False-positive immunolabeling of lipofuscin was excluded by Fast Blue BB salt development in combination with the alkaline phosphatase AB complex and labeling experiments lacking the primary antibody. To determine the origin and pathological topology of endostatin immunoreactivity, double-labeling experiments with antibodies directed against GFAP and CD68 were performed to identify reactive astrocytes and macrophages/microglial cells, respectively. Although there were no endostatin ϩ astrocytes, extracellular endostatin deposits were detected in areas of focal gliosis (Fig. 1C) . To provide information for the localization of extracellular endostatin deposits, additional double-labeling experiments showed frequent colocalization of endostatin with A␤ (1-40) (Fig. 1C, inset) , tau protein (Fig. 1 D) , and PAS-positive plaques (Fig. 1 D, top inset) . Even when colocalization of tau protein ϩ and endostatin ϩ deposits was detected, tau protein ϩ neurons with neurofibrillary tangles did not show endostatin immunoreactivity (Fig. 1C, bottom inset) . Singular microglial cells were occasionally double labeled.
In controls, only few endostatin-expressing cells were observed. Accordingly, statistical analysis revealed a significantly ( p Ͻ 0.0001) higher number of endostatin ϩ cells in AD brains (mean Ϯ SEM, 40.47 Ϯ 3.83%) compared with controls (mean Ϯ SEM, 7.60 Ϯ 2.19%), as confirmed by Student's t test (Table 1) . In one case, however, we observed more endostatin-immunoreactive cells than in the other controls. Interestingly, this patient had died of hemorrhagic shock. Nevertheless, no extracellular deposits of endostatin were detected in any of the analyzed control brains.
To provide more evidence for expression, release, and function of endostatin in AD, we analyzed SKNSH neurons by flow cytometry and Western blotting. Using flow cytometry, we detected an increase in the number of endostatin-labeled cells after both H 2 O 2 and CoCl 2 challenge (Fig. 2 A) . In unstimulated SKNSH cellular lysates, no bands were visible (Fig. 2 A) . After CoCl 2 challenge, however, we detected a 20 kDa band and, interestingly, an ϳ10 kDa endostatin-immunoreactive band. Surprisingly, we observed a prominent 20 kDa band and again the 10 kDa band in unstimulated SKNSH supernatants that increased after CoCl 2 stimulation (Fig. 2 A) . We then analyzed one brain preparation of an AD patient and one of a neuropathologically unaltered control patient (Fig. 2 B) . Here, a more accentuated Endostatin and A␤ are released by neurons (solid line) and cooperate in the mediation of hypoperfusion that leads to accentuated hypoxia in yet unaffected neurons (dotted line). This in turn accelerates neuronal endostatin release, consequent hypoperfusion, and continuing hypoxia. ϳ20 kDa band was observed in the AD patient, suggesting more endostatin than in the control tissue. To analyze the relationship of endostatin expression and release and amyloid load, we supplemented SKNSH neurons with 80 g/ml A␤ for 24 hr and again analyzed cellular lysates and supernatants separately (Fig.  2C) . In both unstimulated and A␤ -stimulated cellular lysates, we observed a weak 10 kDa band. Surprisingly, release of the 20 kDa band to the SKNSH supernatants was completely abolished by A␤ .
DISCUSSION
We observed significantly more ( p Ͻ 0.0001) immunoreactive cortical neurons in AD brains compared with age-matched neuropathologically unaltered controls. High numbers of extracellular and frequently perivascular endostatin deposits were detected in the cerebral hemispheres. Double-labeling experiments revealed colocalization of endostatin in A␤ , tau protein, and PAS-positive plaques that were surrounded by focal gliosis. Western blotting revealed more 20 kDa endostatin in an AD patient compared with a control. In unstimulated SKNSH supernatants, endostatin was detected that increased predominantly after hypoxia in supernatants and cellular lysates. A␤ (80 g/ml) supplementation to SKNSH neurons for 24 hr completely abolished the release of endostatin.
The observation that endostatin accumulates in perivascular and cortical plaques of AD patients is the first description of an antiangiogenic protein that deposits in AD brains. However, a wide range of proteins were found to be localized in these structures, which were thought previously to contain only A␤ fragments. These include the growth-associated protein-43 (Masliah et al., 1991) , protein kinase C (Masliah et al., 1990) , epidermal growth factor receptor, and an abundant amount of others. Interestingly, zinc deposits have also been identified histochemically (Suh et al., 2000) . This is of note, because zinc binding of endostatin is essential for its antiangiogenic activity . More significant data on the involvement of endostatin in AD have been published previously. The intention of that study was to show that endostatin reduces intimal neovascularization and plaque growth in apolipoprotein E (ApoE)-deficient mice (Moulton et al., 1999) . Here, ApoE-deficient mice were chosen as a model for plaque formation in the peripheral vasculature. These findings are of particular interest, because ApoE is a risk factor not only for atherosclerosis but also for AD (Roses, 1995) . In humans, the ⑀ 4 and ⑀ 2 alleles of ApoE have been linked to the severity of cerebral amyloid angiopathy (CAA) (Hyman et al., 1996) . Although CAA occurs independently, particularly in the elderly, it is present to some degree in patients with AD. Accordingly, the ApoE⑀ 4 allele was identified as a risk factor for AD . In families with increased risk for late-onset AD, the presence of ApoE⑀ 4 increased the relative risk and dramatically decreased the age of onset (Corder et al., 1993) , whereas the ApoE⑀ 2 genotype had a protective effect (Corder et al., 1994) . The observation that endostatin is capable of further reducing neovascularization in ApoE-deficient mice and additional data that showed that endostatin reduces blood vessel formation during wound healing (Bloch et al., 2000) underscore the specific and widespread nature of endostatin-mediated inhibition of blood vessel growth in the process of neovascularization. Our observation that endostatin accumulates in AD brains therefore suggests a novel mechanism of endothelial disruption yet unrelated to classical AD pathology that constitutes a novel and independent contributor to the course of the disease.
Western blotting revealed lighter and endostatin-immunoreactive bands, most frequently of ϳ10 kDa weight. Previously, alternatively spliced endostatin variants have been described in a wide range of human tissues, including liver, heart, kidney, placenta, prostate, ovaries, skeletal muscle, small intestine, and others (John et al., 1999) . The endostatin-immunoreactive bands observed here had a molecular weight of 26, 18.5, 30, and 34 kDa using an antibody directed toward an N-terminal endostatin epitope. Interestingly, the authors reported not antiproliferative but significant antimigratory effects of the described endostatins on vessel wall cells, thus underscoring production of cooperating processing intermediates from a common precursor molecule. In this light, expression of a 10 kDa endostatin-immunoreactive band in SKNSH cellular lysates and supernatants may point to additional functions of endostatin variants during brain disease in general and AD in particular.
The precursor of A␤ , the ␤-amyloid precursor protein, is an integral membrane glycoprotein (Kang et al., 1987; Lammich et al., 1999) . Alternative splicing and processing lead to the production of several isoforms that are expressed in a cell typespecific manner, including in neurons. Chronic neuronal expression of recombinant retroviral vectors harboring normal and mutant cDNAs for human neuron-specific amyloid-␤ precursor protein 695 in fetal rat brain transplants induced AD-typical plaques (Bayer et al., 1996) . In this context, the observed reduction of endostatin by A␤ may indicate a last mechanism to escape the endostatin-mediated vicious circle in AD (Fig. 3) .
In conclusion, our data show that endostatin is released by neurons to accumulate in amyloid plaques in Alzheimer's disease. Induction by hypoxia and complete abrogation of endostatin release after A␤ challenge reveal intricate and novel interactions between the two proteins and open new avenues for the development of novel treatment strategies of AD patients.
